Summary We investigated the association of clinical variables with TBS at baseline in the bone health sub-cohort of the VITamin D and OmegA-3 TriaL (VITAL). Lower TBS was associated with female sex, aging, BMI ≥ 25 kg/m 2 , SSRI use, high alcohol intake, and presence of diabetes; there was a trend towards significance between lower TBS and history of fragility fractures. Introduction We investigated whether TBS differs by sex, race, body mass index (BMI), and other clinical variables. Methods The VITamin D and OmegA-3 TriaL (VITAL) is determining effects of vitamin D 3 and/or omega-3 fatty acid (FA) supplements in reducing risks of cancer and cardiovascular disease. In the VITAL: Effects on Bone Structure/Architecture ancillary study, effects of these interventions on bone will be investigated. Here, we examine the associations of clinical risk factors with TBS assessments at baseline in the bone health sub-cohort, comprised of 672 participants (369 men and 303 women), mean (± SD) age 63.5 ± 6.0 years; BMI ≤ 37 kg/m 2 , no bisphosphonates within 2 years or other bone active medications within 1 year. Results TBS was greater in men than women (1.311 vs. 1.278, P < 0.001) and lower with elevated BMIs (P < 0.001), higher age (P = 0.004), diabetes (P = 0.008), SSRI use (P = 0.044), and high alcohol intake (P = 0.009). There was a trend for history of fragility fractures (P = 0.072), and lower TBS. TBS did not vary when analyzed by race, smoking, history of falls, and multivitamin or caffeine use. Conclusions Lower TBS was associated with female sex, aging, BMI ≥ 25 kg/m 2 , SSRI use, alcohol use, and presence of diabetes; there was a trend between lower TBS and history of fragility fractures. TBS may be useful clinically to assess structural changes that may be associated with fractures among patients who are overweight or obese, those on SSRIs, or with diabetes. Ongoing follow-up studies will clarify the effects of supplemental vitamin D 3 and/or FA's on TBS and other bone health measures. Trial registration NCT01747447
Introduction
Osteoporosis is the most common bone disease, and each year, there are an estimated 2 million fractures in the USA and 200 million fractures worldwide [1, 2] . Dual energy Xray absorptiometry (DXA) is widely used for clinical care and research to measure bone mineral density (BMD). In the USA, there are 53.6 million Americans who are at risk for fractures, including 10.2 million adults with osteoporosis according to BMD criteria and 43.4 million adults with osteopenia and low bone mass [2] . Since more than half of fragility fractures occur in individuals who have low bone mass, but are not osteoporotic by DXA, other factors must influence bone strength and fracture risk. These include clinical risk factors, disordered bone microarchitecture and/or bone remodeling, and accumulation of microfractures.
The Trabecular Bone Score (TBS) is a new, FDA-approved measure of bone texture that is generated from spinal BMD scans and is associated with bone microarchitecture [3] . Cross-sectional studies show that higher TBS is inversely associated with risk of osteoporotic fractures in postmenopausal women [4, 5] and men, [6] regardless of whether the BMD T-score is in the osteoporotic or osteopenic range. Longitudinal studies also show that TBS predicts fracture risk in women [7, 8] and men [9] and the results are additive to BMD in predicting fractures. The Fracture Risk Assessment Tool (FRAX®) score, which includes various clinical risk factors and femoral neck BMD, is widely used in adults with osteopenia to identify the absolute risk of fracture over 10 years. Recent studies show that FRAX score in combination with TBS can better predict fracture risk than FRAX alone [10] . A high TBS suggests strong microarchitecture, which should be resistant to fracture, whereas a low TBS indicates weaker, more fracture-prone bone.
New studies show that TBS increases in response to some osteoporosis therapies [11] and is lower in individuals with diabetes, chronic kidney disease, primary hyperparathyroidism, or history of glucocorticoid therapy [12] [13] [14] . For conditions like diabetes and obesity, the information provided by TBS is of particular interest as fracture risk is increased even though BMD values by DXA are higher than in non-diabetic and non-obese individuals, respectively [15, 16] . As TBS is still a relatively new technology, determinants of TBS still need to be clarified and confirmed.
VITAL: Effects on Bone Structure and Architecture is a NIH-sponsored, ancillary study to the VITamin D and OmegA-3 Trial (VITAL) that is being conducted among a sub-cohort of participants at the Harvard Catalyst Clinical and Translational Science Center (CTSC) to test effects of supplemental vitamin D and omega-3 free fatty acid (FAs) on bone health imaging outcomes [17] . Vitamin D is widely used to promote skeletal health, but definitive data on benefits and risks of supplemental vitamin D have been inconsistent [18] . Results from the ongoing VITAL: Effects on Bone Structure and Architecture will clarify the relationship between vitamin D and bone health outcomes. The objective of this study was to determine in the large VITAL CTSC sub-cohort whether results of TBS at baseline vary by sex, race, body mass index (BMI), medication use, and other clinical variables.
Materials and methods

Overview of study design
VITAL is a 2 × 2 factorial, double-blind, randomized, placebo-controlled trial investigating the effects of high-dose vitamin D 3 (cholecalciferol, 2000 IU/d) and omega-3 fatty acid (1 g/d; eicosapentaenoic acid and docosahexaenoic acid) supplementation on cancer and cardiovascular disease. The mean treatment period is 5 years. VITAL-Bone Health has been composed of two concurrent, ancillary studies, (1) VITAL: Effects on Fracture that has been determining the effects of supplemental vitamin D and/or omega-3 fatty acids on incident fractures in the large VITAL cohort (N = 25,874 participants) and (2) VITAL: Effects on Bone Structure and Architecture that is being conducted among a sub-cohort of VITAL participants (N = 771) using detailed, in-person phenotyping and bone assessments to determine the skeletal mechanisms through which these interventions may impact bone [17] . This study is included in the Clinical Trials.gov website (NCT01747447). These studies were approved by the Partners Human Research Committees, the Institutional Review Board of Brigham and Women's Hospital (BWH).
Study population
As a primary prevention trial, VITAL participants (women aged ≥ 55 years and men ≥ 50 years) were enrolled from 50 states and had no prior history of cancer or cardiovascular disease. The parent VITAL trial recruited participants by sending screening questionnaires to a list of names and addresses assembled from commercially available US mailing lists from professional organizations (e.g., licensed health professionals and business professionals), other organizations (e.g., AARP), and subscription lists of magazines for older adults and Black individuals. Participants who had completed previous trials were also contacted for participation in VITAL and articles and advertisements were posted in newspapers and magazines. Safety exclusions included renal failure, hypercalcemia, hypo-or hyperparathyroidism, severe liver disease, sarcoidosis or other granulomatous disease, allergy to soy or fish, or other serious illness. Prior to enrollment, all participants signed a detailed informed consent form and were required to complete a 3-month, placebo run-in to demonstrate good pill-taking compliance (defined as taking ≥ 2/3 of the study pills). Participants were required to limit consumption of supplemental vitamin D to no more than 800 IU daily, consumption of supplemental calcium to no more than 1200 mg daily, and to abstain from the use of fish oil supplements during the run-in and randomization treatment periods. Study enrollment began in November 2011 and closed in March 2014 and included a final randomized cohort of 25,874 participants, including 5107 African-Americans/Blacks [19] . The intervention phase of VITAL ended on December 31, 2017, and the results of the parent trial will be reported in mid-to-late 2018.
A sub-cohort of 1054 VITAL participants from the New England region was enrolled for detailed, in-person phenotyping at the CTSC in Boston. Participants in the VITAL CTSC cohort were eligible for the VITAL: Effects on Structure and Architecture ancillary study if they did not have current use or prior history of bisphosphonates within the past 2 years or other osteoporosis medications including denosumab, human parathyroid hormone, calcitonin, raloxifene, tamoxifen, or P values for African-American/Black and Non-Hispanic White are the comparison to all other race/ethnicity groups BMI body mass index, MET metabolic equivalent, SSRI selective serotonin reuptake inhibitor *P < 0.05 systemic estrogens within the last year. Enrollment in the ancillary study (N = 771) exceeded the projected goal of 600 participants. Due to the 6-to 8-h in-person visits, participants at baseline were generally healthier (less obese, hypertensive, diabetic, and smoked less) than the general US population [20] . Of the 771 participants who had DXA scans, TBS was quantified among 672 participants who were within the weight-cut-offs (BMI ≤ 37 kg/m 2 ) and had at least two suitable vertebrae available for TBS analysis (per Medimaps, Geneva, Switzerland). A total of 54 individuals with BMI > 37 were excluded from the cohort and an additional 45 participants were excluded because they did not have vertebral images suitable for analysis. 
Measurement of BMD
Measurement of TBS
TBS is an analytical, non-invasive measure using software incorporated into the DXA machine and generated from spinal BMD scans (Hologic Discovery, Bedford, MA) using the latest TBS iNsight software (version 2.1; Medimaps Group, Geneva, Switzerland) [8] . This technique determines vertebral texture by applying a quantitative algorithm to measure gray-level variation in 2-dimensional projection images to assess 3-dimensional textural characteristics. In vivo intra-and inter-machine precision values for TBS range from 1.1 to 2.1% depending on the studies and the population [21] .
Clinical variables
Risk factors that may affect bone health and body composition were assessed: age, sex, race/ethnicity, height, weight, BMI, smoking, alcohol use, physical activity (defined as total metabolic equivalent (MET) hours/week), osteoarthritis, baseline history of fragility fracture(s), history of falls, insulin-treated and non-insulin-treated diabetes, and SSRI use.
Statistical analysis
Linear regression analysis was used to compare means of TBS across risk factor levels. Least-squares means adjusting for age, sex, Black race/ethnicity, and BMI are presented. Tests for interaction were performed across measures with ordinal levels. We ran a stepwise backward selection linear regression model including all the variables but forcing in age, sex, and BMI to mutually adjust for the clinical variables. Those with a P value < 0.05 were retained in the model. All statistical analyses were performed using SAS (SAS Institute, Cary, NC). P values less than 0.05 were considered to be statistically significant. Table 1 summarizes the mean TBS and baseline characteristics of the VITAL CTSC sub-cohort adjusted for age, sex, and race. This study included 672 participants: 369 men (54.91%) and 303 women (45.09%) with a mean age of 63.5 ± 6.0 years. Participants with a BMI > 37 kg/km 2 (recommended BMI cutoff by the manufacturer) were excluded from the analysis. Mean TBS was greater in men than in women (1.311 vs. 1.278; P < 0.001). TBS decreased with older age in the entire sub-cohort (P = 0.004). This was not significant in men when the sexes were analyzed individually (Fig. 1) ; however, the interaction with sex was not statistically significant (Appendix).
Results
At baseline, the mean BMI in the entire cohort was 27.37 ± 3.92 kg/m 2 , and the mean BMI in the men and women were 27.81 ± 3.38 and 26.84 ± 4.43 kg/m 2 , respectively. The group with a BMI of 18.5-24.9 kg/m 2 had the highest mean TBS (1.355); TBS was slightly lower when the BMI was < 18.5 kg/m 2 (1.320) but there were only four participants who had this extremely low BMI. Mean TBS progressively decreased with BMIs ≥ 25 kg/m 2 such that the lowest mean TBS (1.197) was seen in the group with a BMI of 35-37.0 kg/m 2 (P < 0.001). Among the participants, 9.34% had a history of diabetes at baseline, which was associated with a lower mean TBS when compared to participants without diabetes (P = 0.008). An analysis of the association between use of SSRIs and TBS was significant (P = 0.044) with lower TBS in those on an SSRI (1.295 vs. 1.270). History of fragility fracture showed a trend for lower baseline TBS (P = 0.072). High alcohol intake was associated with lower TBS (P = 0.009). There was no association with smoking, physical activity (MET scores), history of falls in the past year, or multivitamin or caffeine use. Backward multiple regression analysis was conducted to examine the relationship between TBS and various predictors ( Table 2) . History of diabetes remained significant associated with TBS after mutual adjustment. In the overall cohort, TBS and spine BMD were highly correlated, but in participants with diabetes or on SSRIs, the correlations were not statistically significant (Table 3) .
Discussion
In this study, we found several clinically important variables that were associated with either high or low TBS at baseline in the VITAL CTSC sub-cohort. Lower TBS was associated with female sex, older age, higher BMI, use of SSRIs, use of alcohol, and history of diabetes; there was a trend for lower TBS and history of fragility fracture (P = 0.072). The findings from this study contrast with other studies, which showed that TBS, on average, was either lower in men than in women [6, 9] or not statistically different [4, 10] . Some have hypothesized that this could be due to men having a less Bpatterned^bone projection secondary to thicker trabeculae and/or wider vertebrae or different tissue composition leading to a less contrasted image [6, 9] . Comparing TBS from different studies is complicated by differences in the software version used to generate TBS data, as a previous version was optimized for women of average body size and found to have limitations when used in men. In this study, we used TBS version 2.1, since the algorithm has since been improved to partially compensate for the effects of increased abdominal soft tissue that degrade image quality. Schacter et al. compared the TBS version 1 (TBS-v1) algorithm to the TBS version 2 (TBS-v2) algorithm [22] in a recently published analysis of the Manitoba cohort, and average TBS values were significantly lower in men than women using the TBS-v1 algorithm (P < 0.001) and showed significant inverse correlations with BMI; however, with the TBS-v2 algorithm used herein, average values for men were slightly greater than in women (P < 0.001) and there were no significant correlations with BMI.
A recent study by Krueger et al. evaluating 90 women and 90 men with GE-Lunar iDXA by 3 different technologists showed no significant differences between sexes [4] . An analysis of the NHANES data showed that sex differences in TBS varied by age and race/ethnicity (P < 0.001) [23] . In most of the nine demographic groups examined, TBS did not differ by sex (four sub-groups) or was significantly higher in women (three sub-groups). In our study using the updated TBS software (TBS-v2), men had a baseline mean TBS value of 1.311 BMI body mass index, TBS trabecular bone score *P < 0.05 Table 3 Pearson correlation between Spine BMD and TBS (1.287-1.335) and women had a baseline mean TBS value of 1.278 (1.253-1.302; P < 0.001). The sexual dimorphism of TBS, if confirmed, may result from differential effects of estrogens and androgens on bone. Of note, the average age of women in our study was older than men per study design and women on hormone therapy were excluded; > 99% of women were postmenopausal. Further studies are needed to clarify how sex affects baseline TBS and fracture risk and to predict how this may affect the response to different osteoporosis therapies. It is well known that aging is associated with a decrease in BMD and TBS in both men and women [21, 24, 25] . This decrease is seen regardless of which region of interest is assessed [25] . In one study of French women aged 45-85 years, a difference of 14.5% was observed, corresponding to a standard deviation of − 2.25 SD between 45 and 85 years [25] . Shin and colleagues showed that aging is associated with a more degraded TBS than BMD [26] , possibly due to agedependent arthritic changes that may result in higher BMDs. In one study, BMD showed a weaker correlation with TBS in males (0.555) than females (0.655), and this correlation decreased with age in both sexes [24] .
Pearson correlation coefficients
Selective serotonin reuptake inhibitors, or SSRIs, potently block the serotonin transporter both in the central nervous system and in the periphery, including on osteoblasts and osteocytes in bone [27] . It is possible that this leads to decreased differentiation of osteoclasts. Although these medications were developed for the treatment of major depression, they are widely used for many neuropsychiatric and other conditions. Several observational studies have shown an association between SSRIs with low BMD and a 70% increase in fracture and fall risk [28, 29] . A recent systematic review and meta-analysis by Zhou et al. suggested that SSRI use is significantly associated with lower BMD of the lumbar spine but not of the total hip and femoral neck region [30] . They found that this bone loss is also greater in older people on SSRIs and in those who have been on the medication for longer amounts of time. To our knowledge, ours is the first study to report that SSRI use is associated with lower TBS including results adjusted for age, sex, and race (P = 0.044). There was a significant interaction of SSRI use and sex/gender (P = 0.025); the association between lower TBS and SSRI use was significant in men (P = 0.013) but not in women (P = 0.80; Appendix). However, the sample size was small with only 23 men and 30 women using SSRIs. There was no association between SSRI use and increased risk of falls (data not shown). Since TBS is approved by the Food and Drug Administration (FDA) for clinical use in the USA, this tool may advance assessment of those individuals on SSRIs who may be at increased fracture risk.
Diabetes confers a significantly increased risk of major osteoporotic fractures and hip fractures that is underestimated by FRAX. Like other recent reports, we demonstrated that participants with type 2 diabetes had a lower TBS than their non-diabetic counterparts [13, 31] . Results of our study do not show a significant correlation between spine BMD and TBS in participants with diabetes (P = 0.21). There was a trend for an interaction between diabetes and sex/gender (P = 0.099) with diabetic men having significantly lower TBS (1.278 vs. 1.318; P = 0.008); there was not a significant difference in TBS scores in women with and without diabetes (P = 0.82; Appendix). Leslie et al. showed in the Manitoba cohort that type 2 diabetes was associated with higher BMD at all sites, but with lower lumbar spine TBS [13] . Abnormal trabecular microarchitecture may explain the paradox among diabetics of experiencing an increased risk of fractures at higher BMDs [31] . Kim et al. investigated lumbar spine TBS as an indicator for skeletal deterioration in diabetes in 1229 men and 1529 postmenopausal women in the Ansung cohort [32] . While BMD was higher in those with diabetes, TBS was negatively correlated with hemoglobin A1C, fasting plasma glucose, and fasting insulin in both genders, suggesting TBS may be useful as an indicator for identifying skeletal deterioration in diabetic patients with otherwise high BMDs [32] . Data on TBS in type 1 diabetes (T1DM) are sparse, but in a cross-sectional study, Neumann et al. showed a borderline reduction in mean TBS between diabetic patients and non-diabetic, gender-, age-, and BMI-matched controls (1.357 ± 0.129 vs. 1.389 ± 0.085, respectively, P = 0.075) [33] . T1DM patients with prevalent fractures (n = 24) had a significantly lower TBS than T1DM patients without fractures (1.309 ± 0.125 versus 1.370 ± 0.127, P = 0.04).
TBS can enhance fracture prediction when used as an adjunct to FRAX and the output of FRAX can now be adjusted for TBS when this is entered through the FRAX website [34] , which may be particularly helpful for both type 1 and type 2 diabetes patients. Reliable TBS cut-offs for fracture risk need to be determined and verified in larger studies in both patient populations as there may be inherent differences in the two diseases. We were not able to assess differences in type 1 vs type 2 diabetes in this study or evaluate the impact of insulin dependence or other hypoglycemic agents, given the small sample size.
High alcohol intake was also associated with lower TBS (P = 0.009). According to the World Health Organization (WHO), three or more drinks per day is associated with an increased fracture risk. Other studies have found similar associations between alcohol use and low TBS [35] .
Obesity was traditionally considered protective against osteoporosis and fracture, as BMI is positively correlated with BMD assessed by DXA [35, 36] . However, recent data show an increased risk of falls and a higher risk of some fractures with obesity [36] . For example, in a sub-analysis of the Women's Health Initiative Observational Cohort (WHI-OS), women with the highest BMI reported more falls, had more prevalent fractures, and lower measures of physical activity and function [37] . We found that higher BMI was associated with lower TBS, consistent with the results of others [35] . We also showed that BMD and TBS were strongly correlated among overweight participants. As there are concerns regarding (1) technical issues in performing textural analysis in obese subjects and (2) excessive soft tissue may give the false finding of a lower TBS, those with a BMI > 37 kg/m 2 were excluded from our analysis. When Leslie et al. excluded obese individuals with a BMI > 30 kg/m 2 , this attenuated but did not eliminate the inverse correlation, suggesting that TBS may in fact capture alterations in bone structure in obese individuals that put them at greater risk of fracture [35] . Our data also support a lower TBS among adults with very low BMIs < 18.5 kg/m 2 (1.320), however there were only four participants in this category. In a study examining TBS among adolescents with anorexia nervosa, > 40% of subjects showed degraded architecture, which was correlated with BMI [38] .
Black individuals compared with Whites have a lower risk for osteoporotic fractures, higher BMD, and better bone quality, a finding that is consistent throughout life [39, 40] . Higher skeletal mass does not completely explain their decreased fracture risk as they still have a lower risk of fracture at comparable bone densities [39] . An observed difference in bone microarchitecture in Black women has been hypothesized to be the explanation for this superior bone strength independent of density [41] . Using high-resolution pQCT (HR-pQCT), Putnam et al. demonstrated that African-American women had greater trabecular vBMD at the radius and higher cortical vBMD at the tibia [41] . In a cross-sectional analysis by Aloia et al. [42] , of 518 postmenopausal African-American women (mean age 66 years and BMI of 30.1), mean TBS was 1.300, which was significantly higher (2.5%) than the mean TBS of a database of Caucasian French women (P < 0.0001). However, in the NHANES data, non-Hispanic Whites had higher TBS than non-Hispanic Blacks or Mexican Americans in all age groups [23] . Black men and women had lower TBS than did Whites even with adjustment for age and tissue thickness [43] . These differences were present in nearly all age, BMI, and BMD groups. Difference in software calibration may have contributed to the discrepancy between these study results, and Jain [43] hypothesized that their study population is more reflective of the patients seen in clinical practice in which Bethnic differences are most relevant.^In our study, we found no difference in TBS between Caucasian and AfricanAmerican participants. Although minority participation was high in the parent study with approximately 26% minority enrollment and an oversampling of Blacks [19] , minority enrollment in this sub-cohort in the greater Boston area limited our ability to reach firm conclusions about the effect of race/ ethnicity on TBS so these results need to be interpreted with caution. However, it is possible that TBS adjustments may be necessary for non-White ethnicities.
We acknowledge the limitations of this study. Although the data are from a large, clinical trial, these analyses are of the baseline data only. Although we showed an effect of diabetes on baseline TBS, the number of individuals in the cohort on insulin (9 subjects) was too small to draw any additional conclusions about the impact of insulin therapy. In addition, because VITAL enrolled older adults, these results are not generalizable to younger men and women.
In conclusion, our study investigated the associations of clinical risk factors for osteoporosis with TBS in the VITAL CTSC sub-cohort at baseline. Lower TBS was associated with female sex, BMI > 25 kg/m 2 , high alcohol intake, and older age. A lower TBS was also associated with the use of SSRIs and presence of diabetes, and there was a trend for lower TBS with history of fragility fractures. Lower TBS in these settings, irrespective of BMD, may potentially predict the risk of skeletal fragility associated with these clinical conditions or therapy. Further studies are needed to confirm the relationships between these clinical factors, TBS, and fracture risk. As there were significant differences in TBS between men and women, it is unclear whether the same TBS cut-offs may have different predictive fracture risk between the two sexes. Ongoing follow-up studies at 2 years post-randomization will clarify the effects of high doses of supplemental vitamin D and/or omega-3 fatty acids on TBS and other bone health measures. 
